The insect-vectored disease malaria is a major world health problem. New control strategies are needed to supplement the current use of insecticides and medications. A genetic approach can be used to inhibit development of malaria parasites (Plasmodium spp.) in the mosquito host. We hypothesized that Pantoea agglomerans, a bacterial symbiont of Anopheles mosquitoes, could be engineered to express and secrete antiPlasmodium effector proteins, a strategy termed paratransgenesis. To this end, plasmids that include the pelB or hlyA secretion signals from the genes of related species (pectate lyase from Erwinia carotovora and hemolysin A from Escherichia coli, respectively) were created and tested for their efficacy in secreting known antiPlasmodium effector proteins (SM1, anti-Pbs21, and PLA2) in P. agglomerans and E. coli. P. agglomerans successfully secreted HlyA fusions of anti-Pbs21 and PLA2, and these strains are under evaluation for anti-Plasmodium activity in infected mosquitoes. Varied expression and/or secretion of the effector proteins was observed, suggesting that the individual characteristics of a particular effector may require empirical testing of several secretion signals. Importantly, those strains that secreted efficiently grew as well as wild-type strains under laboratory conditions and, thus, may be expected to be competitive with the native microbiota in the environment of the mosquito midgut.
Malaria is one of the most important insect-vectored diseases, with an estimated 360 million diagnoses and 1 million deaths annually (19, 48) . There has been a recent reduction in new cases of malaria due to the renewed success of mosquito vector control and drug treatment for infected individuals (6, 39, 49) . The positive effects from insecticides and drugs are not a permanent solution, however, since mosquitoes and Plasmodium species have evolved resistances to them in the past and can be expected to do so in the future; thus, alternate strategies are needed to supplement these methods (12, 29) .
One alternative to traditional methods of malarial control involves the use of transgenic mosquitoes expressing antimalarial effector proteins (31) . Laboratory strains of such mosquitoes have been demonstrated to disrupt Plasmodium development in the gut of the insects, but this approach has some serious drawbacks, including fitness costs to the transgenic insects carrying the effector transgenes (22, 25, 34) . Perhaps most importantly, introgressing effector protein genes to high frequency in natural mosquito populations is complicated and remains largely theoretical (21) .
Alternatively, paratransgenesis, or the engineering of a bacterial symbiont to deliver effector proteins to combat diseases vectored by their eukaryotic host, can be employed. Developing a paratransgenesis strategy involves several steps, including the isolation of a suitable bacterial species, identification of effector proteins that can interfere with the disease agent, and the secretion of those effectors from the symbiont (7) . Modifying a resident bacterial species of the mosquito gut to produce effector proteins antagonistic to Plasmodium could prove to be an efficient tool against the spread of Plasmodium to humans during a mosquito blood meal (41) . There are several encouraging examples of paratransgenesis used to combat different pathogens in either an insect host or in mammalian cells (2, 4, 11, 40) .
The candidate species for malaria paratransgenesis presented here is Pantoea (ϭ Enterobacter) agglomerans, a Gramnegative gammaproteobacterium (14) . This isolate originated from adult blood-fed female Anopheles stephensi mosquitoes and has been selected for longer survival periods in the gut environment (42) . Other P. agglomerans strains have been isolated from plant matter as well as from different insect species (1, 10, 27, 28) . The P. agglomerans strain E325 has been used in orchards to combat fire blight through a competitive displacement strategy (38) . For these reasons, in addition to malaria, P. agglomerans may prove to be a paratransgenic tool in the fight against other diseases (38, 43) .
Many antimalarial effector proteins are known to interfere with the development of the parasite in mosquito midguts. For this study, we tested three structurally diverse effectors for their ability to be secreted via the pelB or hlyA protein secretion pathways from P. agglomerans. The effector proteins included the dodecapeptide SM1 (salivary and midgut peptide 1), an anti-Pbs21 single-chain variable-fragment (scFv) antibody, and phospholipase A2 (PLA2). SM1 (8 kDa) is structurally similar to an epitope of the Plasmodium TRAP protein, a target used by the parasite to invade mosquito salivary glands and midgut epithelium (16, 17) . Anti-Pbs21 scFv (21 kDa) binds to a sexual-stage surface protein of Plasmodium berghei and has been shown to block oocyst development from gametocytes and ookinetes in the mosquito midgut (54) . PLA2 (23 kDa) is believed to intercalate in the mosquito midgut lining, preventing Plasmodium from migrating to the salivary glands (35) . In earlier studies, Escherichia coli expressed and/or surface displayed these effector proteins inside the mosquito gut, but E. coli is not able to survive for long periods of time in the gut environment (53) , thus the need to move to a species like P. agglomerans, which normally inhabits mosquito midguts (42, 53) .
For a paratransgenic P. agglomerans strain to be most effective against Plasmodium, the effector proteins should be secreted within the mosquito gut environment, where Plasmodium undergoes the critical sexual stage of its life cycle (15) . We report here the successful test of two distinct bacterial secretion pathways to deliver three structurally distinct antimalarial effector proteins in the paratransgenesis candidate species P. agglomerans. Importantly, strains that secreted effectors efficiently grew as well as wild-type strains under laboratory conditions, suggesting that they may be competitive with natural microbiota in the midgut environment of the mosquito.
MATERIALS AND METHODS
Media. Bacteria were grown in Luria-Bertani broth or agar (LB). S. cerevisiae cells were grown on yeast extract-peptone-dextrase (YPD) agar or minimal drop-out media excluding uracil (2% glucose) when selecting for yeast recombinants. Antibiotic concentrations were as follows: ampicillin (Amp), 150 g/ml; apramycin (Apr), 80 g/ml; chloramphenicol (Chl), 30 g/ml; gentamicin (Gen), 10 g/ml; nalidixic acid (Nal), 30 g/ml; rifampin (Rif), 30 g/ml; streptomycin sulfate (Str), 100 g/ml; tetracycline (Tc), 15 g/ml.
Plasmid construction. Strains and plasmids used in this study are listed in Table 1 . With the exception of pDB36 and the hlyA plasmid group, plasmids were constructed using a yeast gap repair method (47) . Inserts were amplified using primers that added 40 bp of homology to the vector cut site. Vector (ϳ20 to 200 ng) and inserts (50 to 500 ng) were cotransformed into S. cerevisiae INVSc-1 (Invitrogen). Total DNA from transformed yeast cells that grew on uracil drop- on October 15, 2017 by guest http://aem.asm.org/ out medium was purified using the "yeast smash and grab DNA miniprep" protocol (44) . Fifty nanograms of total yeast DNA was transformed into E. coli, and restriction enzyme digestion and DNA sequencing verified resultant clones. pelB plasmid construction. Because P. agglomerans is naturally ampicillin resistant, the bla gene in pIT2-scFv was replaced with the aac(3)IV gene using "recombineering" (18) techniques, resulting in pDB36, which is apramycin resistant (9, 18) . Briefly, E. coli BW25113 cells containing pIJ790 and pIT2-scFv were collected at log phase and electroporated with 500 ng of the aac(3)IV-oriT cassette from pIJ799. After amplification in LB, aliquots were plated on LB agar containing apramycin and incubated overnight at 30°C.
To eliminate pIT2-scFv (Amp r ) background, a subsequent conjugation transferred pDB36 into E. coli LL308 (37). BW25113(pDB36) plasmid DNA was used to transform the donor strain E. coli ET12567(pUZ8002). Overnight cultures of ET12567(pUZ8002) and LL308 were diluted (1:100) and incubated until they reached an optical density at 600 nm (OD 600 ) of 0.4 to 0.5 (1 to 2 h). Aliquots (500 l) of each strain were resuspended in fresh LB, combined, and incubated for 20 min at 37°C with aeration. The aeration speed was increased, and the incubation continued for an additional 1 h. Aliquots were plated on LB agar containing nalidixic acid and apramycin, and the resulting colonies were grown in LB broth containing apramycin or ampicillin to ensure loss of the pIT2-scFv plasmid.
To make the pelB secretion construct pDB48 (Fig. 1A) , pMQ64 was digested with HindIII and the entire multiple-cloning site (MCS) was replaced with pelB-AscI-6His-myc-STOP by yeast gap repair (47) . The two inserts, pelB (PelB, MKYLLPTAAAGLLLLAAQPA) and the epitope tags, were amplified from pIT2-scFv with 60-mer oligonucleotides containing 40 bp of homology to the pMQ64 site of insertion (20 bp used to amplify pelB: forward, 5ЈATGAAATA CCTATTGCCTAC; reverse, 5ЈGGCCGGCTGGGCCGCGAGTAATAAC). The forward primer for the epitope tags contained the AscI sequence. pDB52 through pDB54 were made by cloning each effector gene (those for SM1, antiPbs21 scFv, and PLA2, respectively) into pDB48/AscI using yeast gap repair.
hlyA plasmid construction. Replacing the bla gene in pEHLYA2-SD with aac(3)IV resulted in the hlyA secretion construct pDB47 (Fig. 1B) (13) . This was done using recombineering and a conjugation as described for pDB36.
To make pDB49, pDB50, and pDB58-60, the vector pDB47 was digested with NheI/XmaI and treated with calf intestinal phosphatase according to the manufacturer's instructions (New England BioLabs). The inserts (anti-bovine serum albumin [BSA] scFv, malE-anti-BSA scFv, SM1, anti-Pbs21 scFv, and PLA2) were amplified from the corresponding pelB-effector construct (or in the case of malE-anti-BSA scFv, from pDB27) to include the 6His and myc epitopes with 20-mer oligonucleotides that incorporated NheI and XmaI recognition sites on the 5Ј and 3Ј ends of the amplicons, respectively. Ligation reaction mixtures containing ϳ150 ng of vector, various amounts of NheI/XmaI-digested insert (ϳ300 to 800 ng), and T4 DNA ligase (New England BioLabs) were incubated overnight at 16°C, followed by electrotransformation into Top10 E. coli cells.
Secretion of recombinant proteins from P. agglomerans and E. coli. Individual colonies were used to inoculate 5 ml of LB broth containing antibiotics and 1% glucose (glucose is needed only for E. coli HB2151, as P. agglomerans is Lac Ϫ ) and grown at 30°C overnight (12 to 16 h). The next day, a 5-ml culture containing antibiotics and glucose was inoculated with 50 l of the overnight culture and grown to an OD 600 of 0.5. The bacteria were harvested by centrifugation, resuspended in 5 ml of LB containing 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside), and incubated at 30°C overnight (12 to 16 h). Constructs in P. agglomerans are expressed constitutively since LacI is absent.
Cells were collected from 100 l of an overnight culture of E. coli HB2151 or P. agglomerans. The resultant supernatant (75 l) was combined with 25 l of 3ϫ Laemmli buffer (Bio-Rad). The cell pellet was resuspended in 100 l of 3ϫ Laemmli buffer. Samples were boiled for 10 min and analyzed by 10% (vol/vol) SDS-PAGE. Proteins were transferred to polyvinylidene difluoride (PVDF) membrane using standard Western blot procedures. PVDF membranes were washed in TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 0.05% Tween 20) and blocked with 1% (wt/vol) BSA for 3 h at room temperature. After incubating overnight with an anti-myc antibody (1 g/ml or 1:10,000; Invitrogen 46-0603) at 4°C, the membranes were washed in TBST (four 15-min washes) and incubated in horseradish peroxidase (HRP)-conjugated goat anti-mouse antibody (0.01 g/100 ml or 1:100,000; Pierce 1858413) for 1 h at room temperature. The washing steps were repeated, and the bound antibody-HRP conjugate was detected using chemiluminescence (Pierce) and autoradiographic film.
ELISAs using spent growth medium from induced E. coli or P. agglomerans. The activity of the secreted anti-BSA scFv was tested using an enzyme-linked immunosorbent assay (ELISA). For each sample analyzed, duplicate MaxiSorp wells (Nunc) were coated with 100 l of BSA (2 mg/ml) along with two negativecontrol wells (100 l of 1ϫ phosphate-buffered saline [PBS] and one empty well) and stored overnight at 4°C (ca. 12 h). Each well was washed three times with 200 l of 1ϫ PBS and blocked for 2 h at room temperature with 2% dry milk in 1ϫ PBS. The washes were repeated, and 100 l of clarified spent growth medium from an induced overnight culture was added and incubated for 1 h at room temperature. After eight washes of each well with 200 l of 1ϫ PBS-0.1% Tween 20, the HRP-conjugated anti-myc antibody (1:2,000 diluted in blocking buffer; Roche 11-814-15-0001) was added and incubated for 1 h at room temperature. The eight washes were repeated, and the antibody was detected using 50 l/well of the chromogenic substrate 1-Step Ultra TMB (3,3Ј,5,5Ј-tetramethyl benzidine; Pierce). When a sufficient signal was reached, the reaction was stopped with 50 l of 2 M H 2 SO 4 and the A 450 with the background subtracted at 650 nm was determined with a Bio-Rad 3550 plate reader.
Measurement of growth rates of P. agglomerans wild-type and secretion strains. For P. agglomerans strains that expressed recombinant proteins, duplicate cultures for each strain were grown as described above. The optical density (600 nm) for each culture was determined spectrophotometrically at hourly intervals (with the exception of the readings at 2 h and 4 h). Growth curves were plotted using the average of the duplicate value without transformation of the data (8) . The slope of each sequential pair of time points along each curve was calculated to determine the maximum growth rate. The maximum growth rate (corresponding to the maximum hourly slope along the entire growth curve) of each line was used to compare the different strains. Once the maximum growth rate was found, the standard error of that slope was also calculated (3). All statistical values were generated using the linear regression function of the SPSS statistical package (IBM, Inc.).
RESULTS

Secretion constructs.
A schematic of the pelB anti-Plasmodium effector construct pDB48 is shown in Fig. 1A . Effector genes were recombined into the unique AscI site that sits between the PelB signal and epitope tags. Yeast recombination was used to ensure that each construct was identical, with the exception of the effector gene open reading frame (ORF). The IPTG-inducible lac promoter drives expression of the ORF. In the case of P. agglomerans, IPTG is not needed to induce expression because this species is Lac Ϫ and does not produce the LacI protein. Therefore, in this species effector proteins are constitutively expressed. pDB48 replicates using the narrow-host-range colE1 origin and confers resistance to apramycin [aac(3)IV].
The HlyA anti-Plasmodium effector construct pDB47 is shown in Fig. 1B . Effector genes, tagged with 6His and myc at the C terminus, were cloned by restriction digestion (NheI/XmaI) between the lac promoter and the 3Ј end of hlyA (ЈhlyA). An E-tag epitope was included for immunodetection purposes. As with pDB48, pDB47 replicates using the colE1 origin and was modified from its parent plasmid to confer resistance to apramycin. It must be coexpressed with pVDL9.3, which provides the membrane channel hemolysin proteins HlyB and HlyD. Expression and secretion using the PelB leader. The PelB leader allowed for secretion of an active anti-BSA scFv from P. agglomerans and E. coli (HB2151) expressing pDB36 as shown by Western blot analysis and an ELISA ( Fig. 2A and B) . The P. agglomerans E325 strain expressing pDB36 also secreted an active anti-BSA scFv (Fig. 2A) . The results were mixed for the three anti-Plasmodium effectors tested (Fig. 2B) . The anti-Pbs21 scFv was expressed and secreted only by E. coli. SM1 was expressed by both species but was not secreted. Finally, PLA2 was neither expressed nor secreted by either species. These data are summarized in Table 2 .
Expression and secretion using the C terminus of HlyA. The anti-BSA scFv-HlyA fusion protein was expressed in both P. agglomerans and E. coli. Both species secreted the protein at high levels; however, neither antibody was active in an ELISA compared to anti-BSA scFv antibodies secreted by E. coli expressing the pelB construct, pDB36 (Fig. 3A) . A maltose binding protein-anti-BSA scFv fusion was made (pDB50) in order to promote stability and folding of the scFv, but this fusion protein was expressed only in E. coli and was not secreted from either species (Fig. 3B) .
The HlyA-mediated secretion results for the anti-Plasmodium effectors are shown in Fig. 3B . The anti-Pbs21 scFv and PLA2 were both expressed and secreted at high levels in P. agglomerans and E. coli; however, the SM1-HlyA fusion protein was not expressed or secreted by either species. Generally speaking, the HlyA system was very efficient at mediating se- on October 15, 2017 by guest http://aem.asm.org/ cretion when the proteins were expressed, except for the extremely large MBP-scFv fusion (ca. 175 kDa) ( Table 2) . Growth rates of strains expressing recombinant proteins from P. agglomerans. Since we propose to use P. agglomerans in a paratransgenic strategy, we attempted to assess how fit the strains were that were expressing and/or secreting recombinant protein. If the strains were impaired in terms of fitness (as measured by maximum growth rate in culture) then their utility as paratransgenic strains is in question. Bacteria in culture follow a complex growth pattern, typically consisting of lag, log, and stationary growth phases. We chose to focus on maximum growth rate as one measure of fitness that is relevant for paratransgenic strains, since there is rapid bacterial growth in the midgut of female mosquitoes following a blood meal (42) . There was a strong correlation between maximum growth rate and the ability of a recombinant protein to be secreted from P. agglomerans (Fig. 4) . In every case, when a protein was translated and secreted, the maximum growth rate of the strain was similar to that of the wild-type strain. The strain that had the slowest maximum growth rate (PelB-SM1 in P. agglomerans) did not secrete at all. This result suggests that accumulation of recombinant protein in the cytoplasm is toxic and that efficient secretion relieves this toxic effect, allowing the strain to grow with kinetics similar to that of wild-type P. agglomerans.
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DISCUSSION
There is widespread recognition of the fact that successful control and eventual eradication of malaria will require the development of multiple complementary control strategies to supplement the time-tested methods of vector control and drug treatment of infected people (6, 39, 49) . We report here the development of strains of P. agglomerans that secrete known antimalarial effector proteins and a separate test protein that may be suitable in a strategy to block parasite development in the mosquito gut.
The anti-BSA scFv was successfully secreted from P. agglomerans using the PelB leader. This antibody is used in our laboratory as an initial test for secretion because the activity of the secreted antibody can easily be assessed in an ELISA using clarified supernatant from an overnight culture expressing the plasmid. Proof of a secreted and active scFv is encouraging for downstream secretion tests with anti-Plasmodium scFvs. The scFv is an attractive antibody form because these proteins are relatively small (ϳ25 kDa) and stable and can be expressed from a single gene (33) .
We hypothesized that the anti-Plasmodium effector proteins (SM1, anti-Pbs21 scFv, PLA2) would behave similarly to the anti-BSA scFv under the PelB signal. Previously, each of these effectors was expressed and/or surface displayed by E. coli while inside the mosquito gut (42, 53) . Thus, we hypothesized that P. agglomerans and E. coli could express the SM1, antiPbs21 scFv, and PLA2 proteins without difficulty. However, the results showed that not all of these proteins were expressed and/or secreted by either species.
SM1 was expressed by both species but not detected in the spent growth medium. Only E. coli was able to secrete the anti-Pbs21 scFv. This was an unexpected result, because this protein is an scFv similar to the anti-BSA scFv, which was secreted by P. agglomerans without any difficulty. It is also curious that PLA2 was not expressed by either species, as previous studies showed expression of this protein in E. coli without incident (42) . Unpublished data indicate that completely resynthesizing the PLA2 gene to codon optimize the sequence for expression in bacteria alleviates this failure of expression (M. Jacobs-Lorena and S. Wang, personal communication).
PelB directs secretion in a type II fashion, which involves passage through the periplasm before export via the Sec translocation machinery in the outer membrane (45) . Proteins are folded into their final conformation, and the PelB leader is removed in the periplasm (5) . Problems in the periplasm may have been encountered, such as periplasmic inclusion bodies, errors in folding or disulfide bond formation, or degradation (24, 46) . Any of these problems could explain why SM1 was detected in the cell pellet and not in the supernatant and why the anti-Pbs21 scFv was not detected in P. agglomerans.
Within the oxidizing environment of the periplasm, disulfide bond formation is carried out by the Dsb (disulfide bond formation) family of proteins (36) . Considerable success has been achieved with the coexpression of Dsb proteins and recombinant proteins (23, 26, 52) . There are also periplasmic chaperone proteins that can facilitate proper folding of the secreted protein. For example, seventeen-kilodalton protein (Skp) has been coexpressed and shown to improve the production, yield, As with all of these modifiers, the optimal combination for each recombinant protein has to be determined empirically.
In comparison, the C-terminal HlyA signal results in type I secretion, where proteins are exported from the cell in one step across both cell membranes. Although the anti-BSA scFv test protein fused to the HlyA signal was secreted in high levels in both species, neither was active in an ELISA (Fig. 3) . It may be that fusion to the 30-kDa HlyA signal abolished function of the scFv or caused misfolding of the scFv. It may also be that secretion via the periplasm (where essential disulfide bonds in the structure of an scFv can be formed) is a requirement for activity, although there is one report in the literature of secretion of a functional scFv fused to the HlyA C terminus (13) .
Regardless, HlyA was the most successful signal in terms of delivery of anti-Plasmodium effector proteins to the extracellular space and in terms of the number of different proteins that it was capable of secreting. Most importantly, both the anti-Pbs21 scFv and PLA2 were expressed and secreted as HlyA fusions by P. agglomerans (Fig. 3B) . The testing of these strains for their inhibition of Plasmodium development is under way and, in preliminary experiments, has been found to significantly reduce the number of parasites that are able to develop when mosquitoes take an infective blood meal, indicating that functionality is retained (unpublished results). As with the PelB signal, SM1-HlyA was not detected in the spent growth medium. As additional antimalarial effector proteins are developed, it may be that those that do not require disulfide bond formation could be secreted by the type I pathway (e.g., antimalarial peptides) while effectors with disulfide bonds would necessarily be secreted via the PelBmediated type II system. Finally, we note that there was a strong correlation between maximum growth rate of the P. agglomerans secretion strains and the relative success in secreting the effector proteins. The fact that strains that successfully secrete effectors grow similarly to wild-type strains is important for the overall success of any paratransgenic antimalarial strategy, since the recombinant strains must compete with bacteria already present in the gut of the mosquito, where bacterial growth is extremely rapid after the intake of an Plasmodium-infected blood meal (42) .
